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Available online 6 October 2014Soybean genotypes show diverse physiological responses to drought, but specific
physiological traits that can be used to evaluate drought tolerance have not been
identified. In the present study we investigated physiological traits of soybean genotypes
under progressive soil drying and rewetting, using a treatment mimicking field conditions.
After a preliminary study with eight soybean genotypes, two drought-tolerant genotypes
and one susceptible genotype were grown in the greenhouse and subjected to water
restriction. Leaf expansion rate, gas exchange, water relation parameters, total chlorophyll
(Chl), proline contents of leaves, and root xylem pH were monitored in a time course, and
plant growth and root traits were measured at the end of the stress cycle. Drought-tolerant
genotypes maintained higher leaf expansion rate, net photosynthetic rate (Pn), Chl content,
instantaneous water use efficiency (WUEi), % relative water content (RWC), water potential
(ψw), and turgor potential (ψp) during progressive soil drying and subsequent rewetting than
the susceptible genotypes. By contrast, stomatal conductance (gs) and transpiration rate (Tr)
of tolerant genotypes declined faster owing to dehydration and recovered more sharply
after rehydration than the same parameters in susceptible ones. Water stress caused a
significant increase in leaf proline level and root xylem sap pH of both genotypes but
tolerant genotypes recovered to pre-stress levels more quickly after rehydration. Tolerant
genotypes also produced longer roots with higher dry mass than susceptible genotypes. We
conclude that rapid perception and adjustment in response to soil drying and rewetting as
well as the maintenance of relatively high Pn, %RWC, and root growth constitute the
mechanisms by which drought-tolerant soybean genotypes cope with water stress.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
Drought tolerance
Water restriction
Photosynthesis
Root growth
Xylem sap pH
Soybean genotypestal conductance; LA, leaf area; LL, leaf length; LW, leaf width; PPFD, photosynthetic flux
lative water content; Tr, transpiration rate; wr, water-restricted; ww, well-watered; WUEi,
r potential; ψs, osmotic potential; ψp, turgor.
fax: +852 2603 6382.
Zhang).
cience Society of China and Institute of Crop Science, CAAS.
a and Institute of Crop Science, CAAS. Production and hosting by Elsevier B.V. All rights reserved.
367T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 01. IntroductionDrought is a critical environmental factor that imposes water
stress on crops, and a major constraint on plant growth and
productivity [1]. It is the most damaging abiotic stress affecting
modern agriculture [2]. Most cultivated crops are comparatively
susceptible to even mild water stress. Scarcity of water may
becomemore severe in the future with changing global climate.
A lack of sufficient moisture leading to drought stress is a
common phenomenon in rainfed areas, brought about by
infrequent rain and poor irrigation [3]. Economic yield reduction
due to drought stress at various growth stages has been
reported in many field crops, such as soybean [4], maize [5],
barley [6], rice [7], common bean [8], and potato [9].
The response of drought stress to plants is a highly com-
plex trait involving multiple genetic, morphological, physio-
logical, and biochemical mechanisms [10,11]. Species tolerant
to drought generally differ morphologically and/or physiolog-
ically and possess mechanisms allowing better production
under limited water supply [12]. Drought-tolerance mecha-
nisms involve maximization of water uptake by deep, dense
root systems and minimization of water loss by stomatal
closure and reduction of leaf area [13].
Plants can sense water shortage around their roots and
respond instantaneously by sending chemical signals to shoots
to initiate various adaptive responses including reducing leaf
expansion and increasing stomatal closure [14,15]. Duringwater
shortage, roots produce chemical signals such as increased
abscisic acid (ABA) concentration and pH of xylem sap
transported to the leaf through the transpiration stream, and
regulate stomatal opening and leaf growth [14,16–18]. Evenmild
water stress may increase xylem sap pH, owing to reduced
nitrate uptake causing an increase in apoplastic pH [19,20].
Increased xylem pH has been suggested to act as a drought
signal [21]. However, increased pH was observed in some
species experiencing water deficit and reduced pH in others
[22]. In another study, soil water deficit plants did not show a
drought-induced increase in xylem pH [23].
Plants have evolved mechanisms that allow them to
perceive external stresses and rapidly regulate their physiol-
ogy and metabolism to cope with them [2]. Leaf conductance
can be reduced in the absence of visible reduction of leaf
water potential [24,25]. The net photosynthetic and transpi-
ration rates of water-stressed plants decrease [26–28], and
instantaneous water use efficiency (WUEi) reflects the ability
of plants to produce biomass per unit of water transpired [29].
In this context, WUEi can be considered as an adaptive
indicator of soil drying conditions. The adaptive response of
proline accumulation is commonly observed in plants under
drought stress [30]. Prolinemay act in osmotic adjustment [31]
and also as an antioxidant [32].
Soybean (Glycine max L. Merr.) is one the major sources of
protein for human and animal nutrition as well as a key source
of vegetableoil. It is considered as apotential crop for production
of biodiesel. However, it requires adequate soil moisture
throughout its growth period to attain its yield potential [33].
Depending on genotypic characteristics, soybean uses
450–700 mm of water during the growing season [34]. Soybean
is considered susceptible to drought stress, especially in thecritical period of its ontogeny [35]. It is accordingly desirable to
identify drought tolerant soybean genotypes able to grow well
with limitedwater supplies. Different physiologicalmechanisms
in leaves and roots are important in regulating the growth of
soybean genotypes under progressive soil drying. A drought-
tolerant soybean genotype may escape water stress effects by
increasing root depth in soil, reducing leaf area expansion,
closing stomata, and maintaining higher relative water content
and consequently water potential and turgor pressure.
Unirrigated soybeans showed greater root length than
irrigated plants, especially in the subsoil [36]. Significant
correlations have been found in soybean between drought
resistance and various root traits such as dry weight, total
length, and volume and number of lateral roots [37,38]. Rooting
depth was greater in drought-tolerant than in drought-
susceptible clones of Coffea canephora [12]. In Hibiscus
rosa-sinensis, relative water content, turgor potential, tran-
spiration, stomatal conductance, and water use efficiency
decreased under drought stress [39].
However, to our knowledge, leaf expansion rate, gas ex-
change, water relations, proline, total chlorophyll content, root
xylem sap pH, and root traits have not been investigated
concomitantly in both drought-tolerant and drought-susceptible
soybean genotypes under progressive soil drying followed by
rewetting. The present study was designed to improve our
understanding of the manner in which drought-tolerant geno-
types cope with sequential soil drying, affording a better
opportunity to select drought-tolerant soybean genotypes for
cultivation in dry areas. In a preliminary experiment, we studied
the drought tolerance of eight soybean genotypes under four
weeks of water restriction. Two genotypes performed better
under water-limited conditions than the others, based on their
leaf water status, stomatal conductance, and root length, while
one of the genotypes showed markedly poor performance. We
focused on these three soybean genotypes for detailed physio-
logical study under progressive water-limited conditions. In the
present study, these three genotypes, Jindou 21 (C12), Union
(C08), and Mengjin 1 (W05) were used for detailed evaluation of
their physiological responses towater restriction and subsequent
rewetting.2. Materials and methods
2.1. Plant materials and growing conditions
Seeds of soybean genotypes were obtained from the Center
for Soybean Research of the State Key Laboratory of Agro-
biotechnology, The Chinese University of Hong Kong. Seed-
lings were grown in a plastic tray containing soil mixture (soil
and peat moss) in the greenhouse. Five days after germina-
tion, seedlings were transplanted into PVC tube (50 cm length
and 5 cm inner diameter) filled with soil mixture (sandy loam
soil and peat moss at 1:1 volume ratio fertilized with NPK at
14:14:14). Fertilizer granules were added at 5 g L−1 of soil
mixture. Plants were grown under natural sunlight in the
greenhouse with average daytime temperature 25 ± 2 °C
and relative humidity 60–70%. The light intensity in the
greenhouse was recorded daily at noon and the average was
140–160 μmol m−2 s−1. Soybean plants were watered daily
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trifoliate leaves emerged, after which water restriction treat-
ment was imposed. Half of the seedlings of each genotype
were kept for regular watering as control plants and the
remaining half were allowed to dry during the experimental
period. Control plants were irrigated daily in the evening.
For a preliminary study, eight soybean genotypes were used to
evaluate drought tolerance performance. Three genotypes,
Jindou 21 (C12), Mengjin 1 (W05) as drought-tolerant and
Union (C08) as drought-susceptible, were selected for detailed
study of drought tolerance responses under progressive soil
drying and rewetting.
2.2. Measurement of net photosynthetic rate, stomatal
conductance, and transpiration rate
After the onset of water restriction, net photosynthetic rate
(Pn), stomatal conductance (gs) and transpiration rate (Tr) of
fully expanded youngest leaves were determined at three-day
intervals until day 12 of the dry cycle and after rewetting,
using a LI-6400 Portable Photosynthetic System (Li-COR, Inc.,
USA). Measurement was performed from 1000–1300 h under a
photosynthetic flux density (PPFD) of 1000 μmol m−2 s−1. The
air humidity in the leaf chamber was about 50%, with CO2
concentration of 350–400 μmol mol−1 and ambient air tem-
perature 28 ± 2 °C. Instantaneous water use efficiency (WUEi)
was calculated as Pn/Tr.
2.3. Determination of leaf relative water content
Relative water content (%RWC) of fully expanded leaves
from the top was measured in both well-watered and water-
restricted plants. To minimize solute leakage and cut
surface effects, the entire leaf was used for this purpose.
The leaf petiole was carefully cut, leaf fresh weight was
recorded, and it was placed in a water-containing plastic
tube in a closed container. The container air was saturated
by keeping wet tissue paper around the inner wall to
maintain high relative humidity. The turgid weight was
taken after 24 h and dry weight after oven drying for 48 h at
65 °C. Leaf relative water content was calculated by the
following equation:
Relative water content %RWCð Þ
¼ Fresh weight–dry weightð Þ= Turgid weight–dry weightð Þ  100:
2.4. Measurement of leaf water status
Leaf water potential was measured using a pressure chamber
(Soilmoisture Equipment Corp., Santa Barbara, USA). Briefly, a
leaf petiole was sealed in the pressure chamber and the
chamber was gradually pressurized until the meniscus of the
xylem sap became visible at the cut surface, at which time the
pressure reading was immediately recorded. For measuring
osmotic potential, a middle leaflet was excised following the
measurement of water potential and frozen in liquid nitrogen
(at −80 °C) in a sealed plastic vial for 24 h, after which the leaf
sample was thawed at room temperature and tissue sap
was squeezed out with a glass rod. A 10-μL aliquot of cell sap
was immediately used to measure osmotic potential using avapor-pressure osmometer (Wiscor 5600, Logan, USA). The
turgor pressure of the leaf was determined as the difference
between water and osmotic potentials: ψp = ψw − ψs.
2.5. Measurement of leaf area expansion
Leaf area (LA) was measured with a portable area meter
(LI-3000A; Li-Cor, Inc. USA). After imposition ofwater restriction,
newly emerging leaves (middle leaflets of third trifoliate leaves)
were tagged for measuring LA daily. Leaf length (LL) and leaf
width (LW) were measured daily and the relationship between
the product of LL × LW and LA was determined for each
genotype from individual leaf measurement of 15 leaves. The
regression of LAon LL × LWwas calculated as LA = k × LL × LW,
where k is the slope of the linear function.
2.6. Measurement of weight loss, RWC, and osmotic potential
of excised leaves
Water loss from detached youngest mature leaves was
determined according to the method described by Okamoto
et al. [40]. Leaves from well-watered plants of three soybean
genotypes were excised and subjected to sun drying on a
sheet of paper under ambient conditions. Measurement
was performed on a clear, sunny day at 34 ± 2 °C temper-
ature and 56% relative humidity. Percent weight loss due to
water loss from detached leaves was recorded at 10-min
intervals with an analytical balance (Shimadzu AUW220D,
Shimadzu Corporation, Tokyo, Japan). Leaf samples from
each time course were collected for the measurement of
%RWC and osmotic potential following the above men-
tioned methods.
2.7. Determination of leaf proline and total chlorophyll content
Leaf proline content was determined according to the method
described by Bates et al. [41]. Briefly, fully expanded leaves
from both treatments of each genotype were collected at
1100 h. Leaf samples of 0.5 g fresh weight (FW) were ground
in a mortar after addition of 5 mL of a 3% (w/v) aqueous
sulfosalicylic acid solution. The homogenate was filtered
through Whatman No. 2 filter paper and the clear filtrate
was used in the assay. Acid ninhydrin and glacial acetic acid
(1 mL each) were added to 1 mL of filtrate. The closed test
tubes with the reaction mixture were kept in a boiling water
bath for 1 h at 100 °C, and the reaction was terminated at
room temperature. The reaction mixture was then extracted
with 2 mL toluene, mixed vigorously with a test tube stirrer
for 10–15 s. The chromophore containing toluene was aspi-
rated from the aqueous phase, and the absorbance was read
at 520 nm using toluene as blank. The proline concentration
was determined from a standard curve and calculated on a
fresh weight basis as follows:
Proline μmol g−1 of FW of leaf
 
¼ ½ðμg proline mL−1 mL tolueneÞ=115:5 μg μmol−1=½ðg sampleÞ=5:
Leaf chlorophyll (Chl) content was determined according to
the method described by Moran [42]. Briefly, 50 mg of fresh
leaf was cut and kept in a 1.5-mL plastic microtube followed
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tube was then kept overnight in the dark at 4 °C. After
incubation and mixing, the optical density of the solution
was determined at 603, 664, and 647 nm wavelengths using a
microplate spectrophotometer (Spectra MAX250, Carlifornia,
USA). The leaf chlorophyll content was calculated as Chlt =
8.24A664 + 23.97A647 − 16.64 A603, where Chlt is the chloro-
phyll content in μg mL−1 of the DMF subjected tomeasurement
[42].
2.8. Determination of root xylem sap pH
Root xylem sap was collected according to the method
described by Zhang and Davies [43] with some modifications.
Briefly, root xylem sap was collected by exudation of soybean
plants under minor pressure application using a pressure
chamber (Soilmoisture Equipment Corp., Santa Barbara, USA).
Plants were initially cut about 15 cm above the soil surface to
release the tension in the xylem. Then the stump with the
whole root system (including attached soil) was carefully
separated from the PVC tube and immediately sealed in a
pressure chamber, after which the shoot was re-cut about
2 cm above the base. The chamber was gradually pressurized
with compressed nitrogen gas until xylem sap appeared at the
cut surface. Initial sap was wiped off with tissue paper to
remove contaminants arising from cut cells. The system was
then over-pressurized to yield xylem sap. The exuded xylem
sap was collected and its voltage was determined within
1–2 min by touching the sap with a microelectrode (MI-410
Micro-combination pH electrode, Microelectrodes, Inc., USA).
Thereafter, pH was calculated from a standard curve previ-
ously constructed from the voltages of different buffered
solutions.
2.9. Measurement of shoot length, number of internode, root
length, root fresh mass, dry mass, root number, and soil water
content
On day 12 of the water restriction, well-watered and
water-restricted plants were harvested and shoot length and
number of internodes was recorded. For the measurement of
root length, fresh mass, and number, half of the PVC tube was
removed and roots were separated carefully from the soil and
washed gently with tap water. Water was wiped from the root
surface before weighing, followed by measurement of root
length. Root dry mass was recorded after oven drying at 6 °C
for 48 h. Roots were counted at 20 cm depth in the soil profile
and soil samples were collected from the same location.
Soil was oven dried at 105 °C for 72 h and the water content of
the soil was determined and expressed as percentage on an
oven-dry weight basis.
2.10. Statistical analysis
Data were subjected to one-way analysis of variance (ANOVA)
followed by post hoc multiple comparisons using the Tukey
test to identify significant differences among the three
genotypes. The results presented are means with standard
deviations of three to six replicates. The maximum accepted
P-value for significance was 0.05.3. Results
3.1. Drought tolerance performance of soybean genotypes
In a preliminary trial, the drought tolerance of eight soybean
genotypes was evaluated within four weeks of withholding
water supply, based on their leaf stomatal conductance (gs), %
relative water content (RWC), and root length. The gs of some,
but not all, genotypes declined quickly as water restriction
progressed (Fig. 1). Fig. 1 showed that genotypes C12, W01,
and W05 closed their stomata earlier than other genotypes.
With respect to % RWC, genotype C08 showed very low %RWC
compared to all other genotypes after four weeks of water
restriction (Fig. 2). Similarly, root growth of C01, C08, C27, and
W08 under water restriction for four weeks were significantly
shorter than those of the other genotypes (Fig. 3). In view of
these responses, C12 andW05 were considered to be drought-
tolerant genotypes and C08 a drought-susceptible genotype.
For further detailed study of drought stress response under
progressive water restriction and subsequent rewetting, we
focused on the three representative soybean genotypes C08,
C12, and W05.
3.2. Water retention ability of detached leaf
The ability of water retention of excised leaves of three
soybean genotypes was evaluated. Fully expanded leaves of
soybean genotypes were excised from plants and subjected to
sun drying in the greenhouse. Percent weight loss from
excised leaves of the drought-susceptible genotype was sig-
nificantly higher than that of the drought tolerant genotypes
10 min following excision (Fig. 4-a). The %RWC of excised
leaves of the susceptible genotype was substantially lower
than that of the tolerant genotypes (Fig. 4-b). As water was
eliminated faster from excised leaves of C08, the osmotic
potential became more negative (Fig. 4-c). In contrast, the
drought-tolerant soybean genotypes (C12 and W05) exhibited
significantly slower % weight loss reduction, %RWC, and
osmotic potential.
3.3. Effect of drought stress on soil water content and leaf
expansion rates of soybean genotypes
Drought stress was imposed on soybean genotypes (C12, C08,
andW05) by withholding of water supply for 12 days, followed
by rewetting. After water withholding began, the soil water
contents at 20 cm depth in the soil profile in PVC tubes
decreased rapidly. Thereafter, the soil water content rapidly
returned to the original level after rewetting for all genotypes
(Fig. 5).
Though leaf expansion rates decreased in soybean geno-
types after imposition of water restriction, there were different
drought-stress responses among the drought-tolerant and
drought-susceptible genotypes. The leaf expansion rates of the
drought-susceptible genotype (C08) declined significantly com-
pared to those of the well-watered plants (Fig. 6) one day after
imposition of water restriction, whereas the drought-tolerant
genotypes (C12 and W05) maintained higher leaf expansion
rates than C08 (Fig. 6).
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Fig. 1 –Stomatal conductanceof leaves of eight soybeangenotypes after fourweeksofwithholdingwater supply.wwandwr indicate
well-wateredandwater-restricted (by soil drying) statusof soybeangenotypes, respectively.Vertical bars indicatemean ± SD (n = 5).
370 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 03.4. Effect of drought stress and rewetting on leaf gas exchange
and leaf total chlorophyll content
Leaf gas exchange parameters of all genotypes used in the
experiment showedsimilar responsepatternsduringprogressivewater restriction and rewetting cycles (Fig. 7-a,b,c). In
general, leaf gas exchange parameters declined with
soil water content under water restriction. However, the net
photosynthetic rate (Pn) of the drought-tolerant genotypes
remained higher than that of the drought-susceptible
20
30
40
50
60
70
80
90
100
C01 C08 C12 C27 W01 W05 W06 W08
%
 R
W
C
Soybean genotype
ww wr
Fig. 2 – Relative water content (%RWC) of leaves of eight soybean genotypes after four weeks of withholding water supply. ww
andwr indicate well-watered and water-restricted status of soybean genotypes, respectively. Vertical bars indicate mean ± SD
(n = 5).
371T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0genotype as water stress progressed (Fig. 7-a). Leaf transpira-
tion rate (Tr) and stomatal conductance (gs) of tolerant
genotypes diverged significantly faster than those of the
susceptible genotype on days 3 and 6 of the drought-stress
cycle (Fig. 7-b,c). After rewetting onday 12of the stress cycle, gas
exchange parameters of tolerant genotypes exhibited rapid
recovery than susceptible genotype, indicating the greater
dynamism of stomata of the tolerant genotypes than of stomata
of the susceptible one. In addition, the drought-induced stomatal
closure in tolerant genotypes resulted in an increase in the leaf
instantaneous water use efficiency (WUEi), which remained
elevated during the entire period of dehydration (Fig. 8). In
contrast, theWUEi of thedrought-susceptible genotype remained
below that of the control plants until one week into the
drought-stress cycle.
Total chlorophyll (Chlt) content of leaves of all soybean
genotypes was lower than that of well-watered plants under
sequential water restriction (well-watered data not shown)
but a declining trend in Chlt content of C08 was pronounced
and continued until day 12 of the dry cycle (Fig. 9), whereas
C12 and W05 maintained greater leaf Chlt content during the
entire period of drought stress cycles. On day 12, the highest
Chlt (0.959 μg mL−1) content was recorded in W05, followed by30
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recorded in C08 (Fig. 9).
3.5. Effect of drought stress and rewetting on water relation
parameters
When water stress was intensifying along the soil column,
leaf relative water content (%RWC) declined significantly
compared to well-watered plants in all genotypes after
3 days, but this declining tendency was more pronounced in
the susceptible genotype than in the tolerant genotypes
(Fig. 10). %RWC of W05 and C12 remained greater throughout
the period of withholding water. On day 12 of the stress cycle,
%RWC of C08 was significantly reduced to 72.5% of those of
the control plants, while %RWC of W05 and C12 were 77.5%
and 76.2% of the control plants. When the soil was rewetted,
%RWC of the drought-tolerant genotypes exhibited a more
rapid recovery and reached values almost equal to those of
well-watered plants (Fig. 10).
Leaf water potential was measured before water withhold-
ing, and the values varied from −0.40 to −0.55 MPa in well-
watered plants (Fig. 11-a). Upon imposition of water restric-
tion, these water potentials (ψw) decreased, and after six daysW01 W05 W06 W08
 genotype 
holding water supply. ww andwr indicate well-watered and
cal bars indicates mean ± SD (n = 4).
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372 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0of water withholding, the leaf water potential of the
drought-tolerant W05 genotype remained higher than those
of the other two genotypes. The water potential of the
drought-susceptible genotype (C08) declined sharply through-
out the entire water restriction period. At the end of the
drought cycle, the values of the water potentials of C12, C08,and W05 genotypes were −2.16, −2.28, and −1.85 MPa,
respectively (Fig. 11-a). When the soil was rewetted, the ψw
of drought-tolerant genotypes increased faster and reached −
0.89 MPa, a value nearly equal to that of well-watered plants,
whereas that the drought-susceptible genotype was −
1.13 MPa (Fig. 11-a).
Osmotic potential (ψs) was determined from the same leaf
after freezing at −80 °C and thawing at room temperature. As
dehydration progressed, the values of leaf ψs declined more
rapidly in the C12 than in the C08 genotype (Fig. 11-b). At the
end of the drought period, the ψs values in theC12, C08 andW05
genotypes were −2.43, −2.32, and −2.07 MPa, respectively
(Fig. 11-b). Turgor potential (ψp) of leaves was calculated as the
difference between ψw and ψs. The result showed that ψp in the
drought-susceptible genotype markedly declined after three
days of water restriction and remained significantly lower until
day 12 of the stress cycle, whereas drought-tolerant genotypes
retained leaf turgor pressure significantly higher than that of
C08until day 12 and returned to the control level after rewetting
(Fig. 11-c). The turgor pressure of C08 did not recover fully even
two days after rewetting (Fig. 11-c).
3.6. Effect of drought stress on leaf proline content and root
xylem sap pH
Leaf proline content of all soybean genotypes was determined
at 3-day intervals after water withholding. The leaf proline
content of the drought-tolerant genotypes (C12 and W05) was
unchanged as water restriction progressed until day 6, while
the proline content of drought-susceptible genotype (C08)
markedly increased after withholding of water (Fig. 12). The
proline level of the tolerant genotypes declined sharply and
reached almost the well-watered level by one day after
rewetting, but this declining pattern in the susceptible
genotype was noticeably slower (Fig. 12).
Root xylem sap pH was measured at 3-day intervals after
water withholding. Change in soil water availability with time
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373T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0induced increases in root xylem sap pH in all soybean
genotypes (Fig. 13-b). The pH of xylem sap of water-restricted
C12 plants was significantly higher than that of the other two
genotypes throughout the water restriction cycle. However, the
pH of the drought-susceptible genotype (C08) always remained
lower than that of the tolerant genotype C12. The subsequent
rewetting led to almost complete recovery of the pH value in
the xylem sap of the drought-tolerant genotypes, whereas
the pH value of the susceptible genotype remained higher
(Fig. 13-b).
3.7. Effect of drought stress on root and shoot growth traits
Progressive water restriction significantly reduced shoot length
and root fresh and dry mass of all soybean genotypes (Table 1).
However, the drought-susceptible genotype responded most
sharply towater restriction, and shoot length, root freshanddry
mass were respectively 44.30%, 17.37%, and 30.68% of the
corresponding values for well-watered plants. In the drought-
tolerant genotypes, those traits decreased less than those in the
susceptible genotype, reaching 56.70%, 24.27%, and 41.84%,
respectively (for C12) and 59.14%, 20.83%, and 45.78%, respec-
tively (for W05) (Table 1).
Among the three genotypes, drought stress did not affect
the number of internodes in C12, but did affect those in C08
and W05. The drought-susceptible C08 showed an internode
number higher than that of W05 and 58.12% of those in
well-watered plants.
There was no significant difference among the three
soybean genotypes in root number due to water restriction
at a 20-cm depth in soil column (Table 1). The maximum
number of roots was observed at a depth of 15–20 cm in soil
profile. Accordingly, root numbers for all genotypes were
recorded at 20 cm depth on day 12 of the stress cycle.
However, genotype C12 showed the largest root number
compared to C08 and W05. Drought stress did not affect root
length in C12, but did affect the root length of C08 and W05.
The highest root length reduction, in C08, was 65.26% of the
control (well-watered) plants (Table 1 and Fig. 14).4. Discussion
Drought tolerance is an important character permitting soybean
growth under water-limited conditions. Among the genotypes
used in this study, C12 (Jindou 21) has been widely adopted in
semi-arid regions in northwest China, with a total accumulated
cultivation area over 3.75 million ha [44,45]. C08 (Union) is a
soybean from theUSAused as a sensitive line andW05 (Mengjin
1) is a drought-tolerantwild soybean. A small-scale field studyof
C12, C08 and W05 was performed at Dunhuang, China. Results
showed that C12 produced the highest yield (7.67 g plant−1) and
C08 the lowest (2.92 g plant−1), and thatW05was late to produce
seed [44]. Seedmaturities of C12 andC08were reached at similar
times, whereas W05 took slightly longer than the cultivated
genotypes, as found in the greenhouse (data not shown). The
criteria for drought tolerance and susceptibility were primarily
yield performance under water-limited conditions.
In the present study, these soybean genotypes were used
to investigate drought responses based on changes in leaf gas
exchange and water relation traits and root and shoot growth
under progressive water restriction and rewetting under
greenhouse conditions.
The results from the detached leaf experiment showed that
percent weight loss due to water loss from detached leaf was
higher in the drought-susceptible genotype, whereas leaves
from drought-tolerant genotypes showed much slower weight
loss (Fig. 4-a). We assumed that water loss from excised leaves
occurred via stomata and cuticular transpiration. Ristic and
Jenks [46] postulated that a maize line with lower rates of
detached leaf water loss had thicker epidermal cell wall and
thicker cuticle than a maize line with higher rates of detached
leaf water loss.We also estimated%RWCand osmotic potential
of the excised leaves and found that drought-tolerant geno-
types maintained higher %RWC and osmotic potential during
1 h of dehydration after excision from plants (Fig. 4-b,c). Our
results suggest that genotypes able to close their stomata very
rapidly after leaf detachment from the plant can retain higher
%RWC in water-limited environments.
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Fig. 7 – Net photosynthetic rate (a), transpiration rate (b), and
stomatal conductance (c) of drought-tolerant (C12 and W05)
and drought-susceptible (C08) soybean genotypes after
imposition of water restriction. Water restriction began on
day 0, and rewetting on day 12 is indicated by the arrow. ww
and wr indicate well-watered and water-restricted status of
soybean genotypes, respectively. Values of points are
mean ± SD (n = 5).
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374 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0Three soybean genotypes were subjected to progressive
water restriction for twelve days and then the soil was
rewetted, and leaf gas exchange and water relation parame-
ters were evaluated at three-day intervals. Usually plants
can avoid water limited conditions by minimizing water
loss by closing the stomata. Moreover, plants can sense
water shortage around their roots and respond quickly by
sending chemical signals to the shoot to induce various
adaptive responses, including increased stomatal closure
[14,15]. Flexas et al. [47] reported that stomatal conductance0.80
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Fig. 9 – Leaf total chlorophyll content of drought-tolerant (C12
and W05) and drought-susceptible (C08) soybean genotypes
after imposition of water restriction. Water restriction began
on day 0, and rewetting on day 12 is indicated by the arrow.
wr indicates water-restricted status of soybean genotypes.
Values of points are mean ± SD (n = 6).
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and water-restricted status of soybean genotypes,
respectively. Values of points are mean ± SD (n = 4).
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375T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0was an indicator of the severity and pattern of water stress
development. Stomatal response was important for main-
taining the water status of woody plants [48].
In our study, a reduction of gs due to progressive water
restriction was observed and this reduction of gs led to reduced
Tr and Pn in all soybean genotypes on day 3 of the stress cycle
(Fig. 7-a,b,c). Interestingly it was observed from our results that
the perception of water shortage was rapid in drought-tolerant
genotypes and that they showed reduced gs and Trmore rapidly
than the susceptible genotype. In the preliminary trial with
eight soybean genotypes under four weeks of withholding
water supply, gs of genotypes C12 and W05 responded more
rapidly in response to water limit condition than that of C08
(Fig. 1). Those genotypes were used in this study under
progressive water restriction followed by rewetting and exhib-
ited similar tendencies with respect to gs. It was clear in the
present study that the decrease of Tr during progressive water
restriction was due mainly to decreased gs. A similar response
was observed in studies of Liu and Stutzel [49] and Liu et al. [38].
Vassileva et al. [50] reported that drought-tolerant wheat
genotype leaves displayed lower gs and higher Pn during
dehydration. It is noteworthy that all of these gas-exchange
traits of tolerant genotypes recovered quickly to their original
levels after rehydration. Rewetting of dry soil led to full recovery
of both gs and Pn in Acacia confusa [24].
Pn of the drought-tolerant genotypes remained larger than
that of the susceptible genotype during the entire period of
water restriction, leading to increased instantaneous water
use efficiency (WUEi) of tolerant genotypes. However, the
WUEi of the susceptible genotype remained even lower than
that of well-watered plants (Fig. 8). Liu et al. [38] reported higher
WUEi in soybean during soil drying. Water stress induced
substantial stomatal closure, resulting in greater reduction in Tr
than Pn and in higher WUEi [51].The earlier closer of stomata restricted water loss from the
plant and helped plants to maintain higher % RWC. Fig. 10
illustrates that drought-tolerant genotypesmaintained higher
values of %RWC until day 12 of the stress cycle and recovered
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Fig. 12 – Leaf proline content of drought-tolerant (C12 and
W05) and drought-susceptible (C08) soybean genotypes after
the imposition of water restriction. Water restriction began
on day 0, and rewetting on day 12 is indicated by the arrow.
wr indicates water-restricted status of soybean genotypes.
Values of points are mean ± SD (n = 4).
376 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0faster after rewetting to the control level than did the
susceptible genotype. The preliminary study of %RWC of
leaves of eight soybean genotypes after four weeks of
withholding water also showed that drought stress signifi-
cantly reduced leaf %RWC for all genotypes, but that the rate
of reduction was lower for tolerant genotypes (C12 and W05)
than for the drought-susceptible genotype (C08) (Fig. 2). The
lower gs and higher %RWC assisted the tolerant genotypes
to maintain higher leaf water potential until day 12 of
the dehydration period and achieve a rapid increase after
rewetting (Fig. 11-a). The rapid recovery of ψw after rewetting5.4
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Fig. 13 – Root xylem sap pH of drought-tolerant (C12 and W05) a
well-watered (a) and water-restricted (b) conditions. Water restri
and wr indicate well-watered and water-restricted status of soyb
(n = 4).accompanied by increased gs highlights the role of leaf water
status in stomatal control [52].
A variety of physiological mechanismsmay allow a species
to tolerate prolonged periods of water shortage. One is the
accumulation of osmotically active solutes into cells, main-
taining cell turgor and plant growth during soil drying. In
genotype C12, the decline in leaf osmotic potential under
prolonged dehydration period may be due to active accumu-
lation of solute and the maintenance of comparatively high
leaf turgor pressure. In contrast, C08 could maintain osmotic
potential only as low as −2.32 MPa, and its turgor potential
declined significantly (Fig. 11-b,c). The difference in osmoreg-
ulation may be associated with the root growth of genotype
C12. Root length was higher in the tolerant genotypes than in
the susceptible genotype (Table 1 and Fig. 14).
In all plants, roots play an important role in survival during
drought stress. Growing roots adapt to water deficit via a
combination of osmotic and cell wall changes [53].Water deficit
may induce many other changes in plant cells, including
changes in cell wall polysaccharide composition and gene
expression [54–56].
Given that the tolerant genotypesmaintained higher water
status in leaves during water restriction, the leaf expansion of
those genotypes was inferred to be greater than that of the
susceptible genotype. It was observed that the rate of leaf area
expansion of all genotypes declined markedly owing to water
restriction, in comparison with well-watered plants, but that
the tolerant genotypes maintained a greater leaf area expan-
sion rate than the susceptible genotype (Fig. 6). This result
indicated that tolerant genotypes could take up as well as
retain more water than the susceptible genotype and thus
maintain better growth during water restriction. Guo et al. [57]
reported that drought-tolerant poplar clones showed better
growth under water stress. Other researchers reported that
drought stress successively induced cessation of leaf and
shoot growth [58]. Zhang and Davies [43] postulated that leaf
expansion and stomatal behavior respond directly to soil5.4
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Table 1 – Shoot length, internode number, root number, root length, root fresh mass, and root dry mass of three soybean
genotypes under well-watered (ww) and water-restricted (wr) conditions at 12 days after imposition of water restriction.
Soybean
genotype
Treatment Shoot length
(cm)
Internode
number
Root number at 20 cm
depth of soil profile
Root length
(cm)
Root fresh
mass (g)
Root dry mass
(g)
Jindou 21
(C12)
ww 96.52 ± 11.99 a 9.17 ± 0.41a 18.0 ± 2.00 a 40.99 ± 1.55 a 3.836 ± 0.516 a 0.3028 ± 0.0475 a
wr 54.73 ± 4.496 b 6.33 ± 0.52 a 17.0 ± 2.00 a 37.35 ± 5.68 a 0.935 ± 0.068 b 0.1267 ± 0.0161 b
Union
(C08)
ww 132.82 ± 9.75 a 9.17 ± 0.41 a 13.67 ± 2.52 a 43.90 ± 6.82 a 3.960 ± 0.606 a 0.3318 ± 0.0452 a
wr 58.88 ± 4.11 b 5.33 ± 0.82 b 11.33 ± 2.52 a 28.65 ± 2.33 b 0.688 ± 0.046 b 0.1018 ± 0.0135 b
Mengjin 1
(W05)
ww 171.08 ± 5.25 a 11.5 ± 0.84 a 9.0 ± 2.65 a 48.42 ± 5.32 a 3.635 ± 0.351 a 0.2407 ± 0.0155 a
wr 101.17 ± 11.17 b 7.67 ± 0.52 b 9.67 ± 1.53 a 39.30 ± 5.01 b 0.757 ± 0.099 b 0.1102 ± 0.0135 b
Each value is the mean of six replicates ± SD (standard deviation). Values in a column followed by the same letter are not significantly different
at P < 0.05.
377T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0drying before the occurrence of any detectable shoot water
deficit.
Other studies have shown that plants reduced their Chl
contents under water stress [59–61]. But our study showed
that the Chl content of the drought-susceptible genotype was
markedly reduced as water restriction progressed, whereas
the Chl content of drought-tolerant genotypes remained
almost unchanged (Fig. 9). It may accordingly be argued that
the presence of higher Chl content in leaves of the drought-
tolerant genotypes led to higher photosynthetic rates during
water restriction than those in the susceptible genotype.
Similar findings were reported by Guo et al. [57], who found
that drought-tolerant poplar clones maintained higher Chl
during water stress. Li et al. [62] suggested that the decrease in
Chl of a drought-tolerant genotype was much lower than that
of a drought-susceptible genotype.C12 
Well-watered 
C08 W05
Fig. 14 – Photograph showing root length of drought-tolerant (C12
under well-watered and water-restricted conditions on day 12 oThe tendency of free proline accumulation in plants under
any abiotic stress condition is an indicator of a mechanism of
avoidance of those stresses. Proline is a reliable indicator of
environmental stress imposed on plants [63]. In this exper-
iment we found that progressive water restriction increased
the concentration of proline in leaves of soybean genotypes.
A rapid accumulation of proline was observed in the drought-
susceptible genotype (C08) after withholding of water
(Fig. 12). This phenomenon suggested that C08 suffers from
water shortage earlier than do tolerant genotypes. Interest-
ingly, the leaf proline levels of both tolerant genotypes were
similar to the well-watered level until day 6 of the stress
cycle, after which the proline content of C12 markedly
increased and reached a peak on day 12 (Fig. 12). The lower
proline content after water restriction suggested that the
wild-type drought-tolerant W05 retained more water in theC12
Water-restricted
C08 W05
andW05) and drought-susceptible (C08) soybean genotypes
f a drought cycle. Bars indicate 10 cm.
378 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 3 6 6 – 3 8 0leaves. Some authors have reported higher proline content in
drought-tolerant crop species such as bean [64] and poplar
[57].
As dehydration progressed, root-originating signals such
as abscisic acid (ABA) and pH are transported to leaves
through xylem, eventually reducing water loss via stomatal
closure [18]. We found that the pH of root xylem sap of all
three genotypes increased as water restriction progressed
(Fig. 13-b). The drought-tolerant C12 genotype exhibited a
sharper increase in xylem sap pH and approached the control
level after rewetting. This result can be explained by the
importance of promoting the closure of opened stomata and
also inhibiting the opening of closed stomata [14,65].
Root number at a certain depth of soil profile (20 cm and
below) was not affected by drought stress in our study
(Table 1). It might be expected that genotypic differences in
drought tolerance were not associated with the number of
roots at 20 cm depth. The much deeper root system of
drought-tolerant coffee clones enabled them to gain better
access to water towards the bottom of pots and thereafter
maintain a more favorable internal water status than
drought-susceptible clones [12]. In our results, root length of
tolerant genotypes was not reduced significantly with water
restriction, whereas the susceptible genotype showed mark-
edly reduced root length compared to well-watered plants
(Table 1 and Fig. 14). In the preliminary trial investigating the
root length of different soybean genotypes under four weeks
of water-limiting conditions, it was found that root lengths of
drought-tolerant genotypes were not influenced by water
shortage but were reduced in drought-susceptible genotypes
(Fig. 3). Based on the drought responses of leaf gas exchange,
water relations, and root physiological traits of soybean
genotypes to progressive water restriction, it can be conclud-
ed that drought-tolerant genotypes cope with water stress
better than drought-susceptible genotype by regulating
stomatal openings in response to chemical signals from
roots, maintaining higher %RWC in leaves, and maintaining
Pn probably by increasing their root length.Acknowledgments
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